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Abstract River damming provides a dominant human
impact on river environments worldwide, and while local
impacts of reservoir ﬂooding are immediate, subsequent
ecological impacts downstream can be extensive. In this
article, we assess seven research strategies for analyzing
the impacts of dams and river ﬂow regulation on riparian
ecosystems. These include spatial comparisons of (1)
upstream versus downstream reaches, (2) progressive
downstream patterns, or (3) the dammed river versus an
adjacent free-ﬂowing or differently regulated river(s).
Temporal comparisons consider (4) pre- versus post-dam,
or (5) sequential post-dam conditions. However, spatial
comparisons are complicated by the fact that dams are not
randomly located, and temporal comparisons are com-
monly limited by sparse historic information. As a result,
comparative approaches are often correlative and vulner-
able to confounding factors. To complement these
analyses, (6) ﬂow or sediment modiﬁcations can be
implemented to test causal associations. Finally, (7) pro-
cess-based modeling represents a predictive approach
incorporating hydrogeomorphic processes and their bio-
logical consequences. In a case study of Hells Canyon, the
upstream versus downstream comparison is confounded by
a dramatic geomorphic transition. Comparison of the
multiple reaches below the dams should be useful, and the
comparison of Snake River with the adjacent free-ﬂowing
Salmon River may provide the strongest spatial compari-
son. A pre- versus post-dam comparison would provide the
most direct study approach, but pre-dam information is
limited to historic reports and archival photographs. We
conclude that multiple study approaches are essential to
provide conﬁdent interpretations of ecological impacts
downstream from dams, and propose a comprehensive
study for Hells Canyon that integrates multiple research
strategies.
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Introduction
Rivers have been dammed and diverted for millennia and
river damming is one of the most prominent human
impacts on fresh water ecosystems (Graf 1999; Naiman and
others 2005; Nilsson and others 2005). With damming, the
ﬂooded zone upstream undergoes an abrupt, dramatic
transition from river valley to reservoir (Nilsson and
Berggren 2000; Naiman and others 2005). In addition, river
damming and ﬂow regulation also impact downstream
ecosystems and these downstream impacts often inﬂuence
longer river reaches than the segments that are inundated
(Williams and Wolman 1984; Johnson 1998; Rood and
others 2005).
Downstream ecological impacts often follow from three
environmental alterations (Rood and others 2005): changes
to the quantity and timing of downstream water ﬂow
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DOI 10.1007/s00267-007-9048-4(Williams and Wolman 1984; Rood and Mahoney 1990;
Magilligan and others 2003), reduced passage of alluvial
materials and particularly suspended sediments (Ligon and
others 1995; Kondolf 1997), and the fragmentation of the
river corridor, with interruptions in downstream and even
upstream passage of biota (Ward and Stanford 1995a,
1995b; Jansson and others 2000). Alterations to the water
ﬂow regime are determined by dam operations, while
sediment trapping and interruption to corridor connectivity
are largely unavoidable consequences of major dams and
reservoirs.
Many prior studies have investigated the ecological
impacts downstream from speciﬁc dams and there have
also been integrative reviews of some environmental
impacts by Petts (1984), Williams and Wolman (1984),
Ligon and others (1995), Friedman and others (1998),
Grant and others (2003) and others. Conversely, there are
few analyses of the research strategies to investigate
downstream impacts. A systematic analysis of prospective
research strategies is of interest for three reasons. First,
relative to the broader understanding of ecosystem func-
tion, river systems are especially dynamic (Poff and others
1997; Naiman and others 2005; Schumm 2005) and this
provides conceptual and practical challenges in resolving
human impacts that are superimposed on natural spatial
and temporal variation (Underwood 1994; Stewart-Oaten
and Bence 2001). Second, relative to an understanding of
fundamental river processes, each dam represents a major
perturbation and the investigation of the physical and
biological consequences can provide insight into the
functioning of aquatic (instream) and riparian (streamside)
ecosystems (Williams and Wolman 1984; Nilsson and
Berggren 2000). Third, there is a need to develop rigorous
study designs for environmental analyses of new dams that
are being implemented, especially in China and India, and
for relicensing applications of existing dams, particularly in
North America and Europe (Johnson and others 1995;
Trush and others 2000; Hughes and Rood 2003). Prior
dams were generally implemented without comprehensive
environmental assessment and the relicensing phase pro-
vides the opportunity to analyze and even mitigate some
environmental impacts (Richter and Richter 2000; Rood
and others 2005).
Consequently, in this study we reviewed and categorized
the different research strategies and, as an illustrative case-
study, we considered how these approaches might apply in
the analysis of environmental impacts downstream from a
sequence of three major dams and reservoirs along the
Snake River, the largest tributary of the Columbia River
(Palmer 1991). The dams are located at the upstream end of
Hells Canyon, a spectacular river reach that provides the
border between Oregon and Washington, and Idaho
(Fig. 1). Brownlee, Oxbow and Hells Canyon dams were
completed in 1958, 1961, and 1967, respectively, and are
collectively referred to as the Hells Canyon Complex
(HCC).
Methods
The study commenced with a literature survey of reports
analyzing ecological impacts downstream from dams and
especially studies investigating riparian zones along bed-
rock-dominated river canyons of western North America
(Table 1). We categorized the research strategies relative
to their conceptual approach and study design, and con-
sidered scientiﬁc strengths and weaknesses, including
confounding factors. The relevant studies often involved
multidisciplinary approaches, with integrative analyses of
river hydrology, ﬂuvial geomorphology, and riparian
ecology.
Following categorization, we considered the prospective
applicability of the research strategies for the Hells Canyon
reach of the Snake River. The suitability of spatial com-
parisons was considered by observing biophysical
Idaho
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Dam
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Fig. 1 Map of the study region showing rivers and dams of the Hells
Canyon Complex
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123conditions along (1) the 93 km Hells Canyon reach of the
Snake River versus (2) the 35 km upstream Weiser reach of
the Snake River, (3) the adjacent 107 km reach of the
Lower Salmon River Gorge below White Bird, Idaho, and
(4) the 32 km reach of the Snake River below the Salmon
River conﬂuence to the Grande Ronde River (Fig. 1).
River channel and valley characteristics were assessed
by ﬁeld visits and ﬂoat trips along all of these reaches and
from 1:24,000 scale USGS quadrangle topographic maps.
From these maps, channel widths were measured at 1.6 km
intervals from the left to right bank and incorporated
islands if present. Longitudinal proﬁles were determined
from elevational contours and calculated as both river and
valley gradients. Historic hydrologic data were accessed
from regional USGS gauges along the Snake and
Salmon Rivers. Statistical comparisons of the river channel
characteristics were undertaken with Kruskal-Wallis non-
parametric comparisons with JMP 5.0 (SAS Institute Inc.,
Cary, North Carolina).
Following from the consideration of different research
strategies, we compared the different spatial and temporal
study approaches relative to the similarity of the proximal,
or local, rivers and landscapes, and the distal, headwater
environments. We considered: (1) climate and hydrology
and especially the seasonal river ﬂow pattern; (2) aspects of
ﬂuvial geomorphology, with the geomorphic context for
the local comparison, and sediment inputs for the distal
comparison; and (3) biological aspects and especially the
composition of the riparian vegetation communities. We
applied a quartile scaling with: 0 = very different;
0.25 = different; 0.5 = somewhat different; 0.75 = very
similar; or 1.0 = same. The local environment was con-
sidered most critical for riparian vegetation and,
consequently, we doubled the weighting of this component
and subsequently added the proximal and distal scores to
produce the comparability index that could range from 0
(entirely different) to 4 (identical).
Results
Previous studies investigating ecological impacts down-
stream from major dams in western North America
(Table 1) have applied research strategies that may be
broadly classiﬁed into three categories: (1) comparative
studies, (2) manipulative experiments, and (3) process-
based biophysical modeling. Comparative studies have
been most common and are generally correlative in nature.
These can be divided into studies involving spatial com-
parisons or temporal comparisons and we have sub-divided
these into ﬁve comparative research strategies (Table 2).
For each of these, we present the conceptual approach,
followed by consideration of its applicability to Hells
Canyon.
Spatial Comparisons
Spatial comparisons involve assessments of different
reaches along a particular river or comparisons with nearby
reaches of different rivers. Scientiﬁc interpretation is based
on the general assumption that regional river reaches will
demonstrate ecological similarities because they often
share hydrologic and geomorphic contexts, have similar
climatic regimes, and at least prior to damming, share some
ecosystem communities. Correspondingly, the strength of
comparison within or across rivers relies on environmental
similarity without damming.
Upstream Versus Downstream
Concept – Probably the most obvious spatial comparison
contrasts river reaches upstream versus downstream from a
dam and reservoir (Fig. 2, Tables 1 and 2). This compari-
son is based on the expectation that sequential reaches
along a river will experience similar but gradually chang-
ing ecological conditions and processes, an expectation
consistent with the river continuum concept (Vannote and
others 1980). The dam and reservoir separate the upstream
versus downstream reaches, which subsequently experi-
ence different physical and biological inﬂuences (Ward and
Stanford 1995a, 1995b). Although upstream and down-
stream reaches are both impacted by some alterations such
as fragmentation of the river corridor (Jansson and others
2000), the upstream reach is unaltered relative to the fun-
damental ﬂuvial processes of hydrology and sediment ﬂux.
There is, consequently, an expectation that the upstream
reach will continue to function in a natural manner, similar
to the condition without the dam. In contrast, the down-
stream reach is impacted by aspects such as sediment
depletion (Kondolf 1997) and hydrologic changes that
Upstream Downstream
Progressive Downstream
Free-flowing
Dam &
Reservoir
Spatial Comparisons
Fig. 2 Schematic showing general spatial comparisons to analyze
environmental impacts downstream from dams. Triangles represent
dams and reservoirs
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123reﬂect the pattern of dam operation. Thus, the upstream
versus downstream comparison represents a paired com-
parison whereby the upstream reach provides the control
and the downstream reach represents the treatment condi-
tion (Table 2).
While upstream versus downstream comparison is a
common study approach there is frequently a confounding
factor. Dams are not randomly situated but are instead
positioned at strategic locations that may involve valley
narrowing. These sites are often at geomorphic transitions
that are naturally associated with ecological change. Con-
sequently, natural differences in river reaches commonly
exist upstream versus downstream from dam sites. In
addition, the upstream environments can also be altered by
damming. For example, dams can interrupt the upstream
movement of marine-derived nutrients contributed by car-
casses of anadromous salmonids (Naiman and others
2005).
Application – The reaches of the Snake River upstream
versus downstream from the HCC differ dramatically in
their natural geomorphic setting (Fig. 3). The upstream
reach near Weiser, Idaho ﬂows through a broad, 3 km wide
river valley (Fig. 4) with extensive ﬂoodplain zones and
terraces dominated by agricultural development. The river
channel averages about 300 m in width (Fig. 4), with fre-
quent islands. The longitudinal gradient is shallow,
averaging about 0.27 m/km (Fig. 4) and consequently,
stream velocities are typically slow. The river banks and
ﬂoodplain consist of alluvial deposits without bedrock
exposure or conﬁnement. Thus, the channel would be rel-
atively dynamic over the time period of decades or a few
centuries that correspond to the life spans of native riparian
shrubs and trees such as the locally abundant sandbar
willow (Salix exigua L.) and black cottonwood (Populus
trichocarpa Torrey & Gray) that require a dynamic
ﬂoodplain environment (Polzin and Rood 2006).
In contrast to the alluvial reach upstream, Hells Canyon
below the HCC is an exceptionally erosion-resistant, bed-
rock-dominated canyon landscape (Fig. 3). The Snake
River has probably been ﬂowing through Hells Canyon for
2 to 6 million years and the deep canyon was considerably
scoured during the draining of Lake Idaho about 2 million
years ago (Vallier 1998). Progressive river incision has
compensated for gradual uplifting of the mountainous
Table 2 Research strategies to analyze ecological impacts downstream of dams and their suitability for the Snake River through Hells Canyon
Research strategy Study design Consideration / complexity Suitability for Hells Canyon
I. Comparative studies
A. Spatial comparison
1. Upstream versus downstream Paired comparison:
upstream = control,
downstream = treatment
Dams are not randomly
situated and are often at
geomorphic transitions
Low - an extreme geomorphic
transition exists
2. Progressive downstream Quantitative comparison
suitable for pattern analysis
Inﬂowing tributaries can
mitigate impacts of
damming but also introduce
system complexity
Medium - the inﬂow of the Salmon
River provides considerable
system recovery
3. Dammed versus free-ﬂowing Paired or multiple comparison:
free-ﬂowing = control
or reference, dammed = treatment
Although regional rivers have
biophysical similarities, each
river is somewhat unique
High - in biophysical condition,
the Salmon River Gorge is very
similar to Hells Canyon
B. Temporal comparison
4. Pre- versus post-dam Paired comparison:
pre-dam = control,
post-dam = treatment
Comprehensive biophysical
inventories were seldom
undertaken prior to damming
Medium - historic descriptions and
archival photographs are
available
5. Sequential post-damming Multiple comparison that may
be suitable for pattern analysis
Other coincidental changes
complicate interpretation
Medium - sequential aerial
photographs permit comparison
of large-scale features
II. Manipulative experiments
6. Flow or sediment
modiﬁcation or dam removal
Pre-determined paired
or multiple comparison
A specialized post-damming
comparison that may test
causal association
Uncertain - following recent
relicensing , there may be slight,
but probably not major, changes
in dam operations
III. Biophysical modeling
7. Process-based modeling Quantitative modeling with
hydrogeomorphic foundation
(i.e., hydrology & geomorphology
 vegetation  wildlife)
Requires deﬁned and
deterministic relationships
but some processes remain
poorly understood
High - the physically rigid
landscape simpliﬁes
hydrogeomorphic modeling and
riparian vegetation is limited
Environmental Management (2008) 41:267–281 271
123region to create the present, exceptionally deep (reaching
2100 m) V-shaped valley canyon. While slight changes in
speciﬁc channel conﬁguration have occurred, the general
river valley form has probably been only slightly altered
over the past 100,000 years (Malde 1991; Vallier 1998).
Through Hells Canyon below the HCC, the Snake River
has a typical width of about 75 m, about one-quarter of the
channel width of the upstream Weiser reach (Fig. 4).
Basalt bedrock exists as a dominant surface material in the
riparian zones, along with large, jagged colluvial boulders
that have fallen from the hill-slope bedrock due to physical
weathering (Fig. 3). Given the prominence of erosion-
resistant bedrock and massive boulders, the position of the
river channel and banks would be almost static over the life
span of riparian plants.
With the steep cross-section of the canyon extending
down to the valley ﬂoor and into the river, alluvial ﬂood-
plain development is minimal along the Hells Canyon
reach. The typical river valley width is about 130 m, only
55 m wider than the river channel and about 1/25
th of that
of the upstream Weiser reach (Fig. 4). The longitudinal
gradient of the river channel through Hells Canyon is 6.7–
fold steeper than the gradient along the upstream Weiser
reach. As a result, the upstream versus downstream reaches
differ signiﬁcantly, complicating this spatial comparison
(Table 2).
Progressive Downstream
Concept – The progressive downstream research strategy
investigates biophysical conditions along consecutive
reaches of the dammed river, and thus represents another
within-river longitudinal comparison (Fig. 2, Tables 1 and
2). Instead of an upstream control reach, observations are
Fig. 3 Typical views of the Snake River upstream (top, near Weiser,
July 1997) and downstream (bottom, below Hells Canyon Dam, July
1997) from the Hells Canyon Complex of three dams and reservoirs
0.0
0.5
1.0
1.5
2.0
a
0
0.1
0.2
0.3
0.4
0.0
1.0
2.0
3.0
4.0
Snake River
Weiser
Snake River
Hells Canyon
Salmon
River Gorge
a
bb
bb
)
m
k
/
m
(
 
t
n
e
i
d
a
r
G
)
m
k
(
 
h
t
d
i
w
 
l
e
n
n
a
h
C
)
m
k
(
 
h
t
d
i
w
 
y
e
l
l
a
V
Fig. 4 Comparisons of channel slopes (longitudinal gradients) and
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Canyon reach downstream of the dams (n = 58), and for the adjacent
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signiﬁcantly different (p\0.05) widths
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123made along the segments downstream from a dam to
investigate progressive change. The longitudinal patterns
provide insight into the nature of the environmental inﬂu-
ences and may resolve impacts due to water ﬂow regulation
versus sediment change (Rood and others 2005). Impacts
from sediment trapping would be most severe in the tail-
water zone directly below the dam and would initially be
less severe downstream (Williams and Wolman 1984;
Kondolf 1997). In contrast, ecological consequences of
ﬂow alteration could be more uniform along the down-
stream reach. For both water- and sediment-associated
impacts there is some recovery with tributary inﬂows that
contribute water, sediments, and other materials (Andrews
1986; Cooper and others 1999).
While the upstream versus downstream comparison
represents a paired comparison, the progressive down-
stream or synoptic comparison involves a sequence of river
segments to reveal quantitative patterns that are suitable for
regression or other trend analyses. The progressive down-
stream approach also overlaps with temporal comparison
because impacts such as sediment depletion may extend
downstream over time.
Application – The Hells Canyon reach of the Snake
River is fairly uniform with respect to riparian vegetation
and over the past half-century the zone of sediment
depletion has extended through the full reach downstream
to the Salmon River (Schmidt and others 1995). However,
there are numerous dams above the HCC, including those
along the Boise and Payette rivers that formerly provided
extensive sands originating from the Idaho Batholiths, and
it is thus difﬁcult to differentiate some of the physical
impacts of the HCC from impacts due to the upstream
dams (Parkinson and others 2003).
Within Hells Canyon, tributary inﬂows are quite minor,
except for the free-ﬂowing Imnaha River shortly upstream
from the Salmon River junction (Fig. 1). There is little
evidence of sediment or vegetation response due to the
Imnaha inﬂow because the downstream Snake River seg-
ment is in a severely conﬁned canyon zone dominated by
steep bedrock walls rising directly from the river. In con-
trast, accompanying the inﬂow of the Salmon River there is
an abrupt change in the riverine environment. Along the
Lower Hells Canyon reach (downstream from the Salmon
River inﬂow), sandy beaches are abundant as are interstitial
sands sifted between alluvial cobbles and colluvial boul-
ders. In contrast to the Hells Canyon reach, sandbar willow
is proliﬁc below the conﬂuence of the Snake and Salmon
Rivers, particularly at the fringes of sandbars and in other
zones with interstitial sand.
However, the Snake River valley also widens with the
inﬂow of the Salmon River and valley wall slopes are
shallower. Further, the Salmon River drains a geologically
different catchment, dominated by the Idaho Batholiths
that provide extensive sand sources. Consequently, the
change in riparian conditions along the Snake River below
the Salmon River partly reﬂects a natural transition in the
physical landscape. Despite this transition, the general river
valley landscape is quite similar through Hells Canyon
above and below the Salmon River inﬂow, and the riparian
vegetation communities are very similar. Consequently,
comparison between reaches above and below the Salmon
River should provide a useful study approach (Fig. 2,
Table 2).
Dammed Versus Free-Flowing Rivers
Concept – Another commonly applied spatial comparison
involves the assessment of a river reach downstream from a
dam versus a reach(es) along a nearby river(s) that is free-
ﬂowing or has experienced a different history of damming
and ﬂow regulation (Fig. 2, Tables 1 and 2). This scientiﬁc
comparison is based on the expectation that adjacent rivers
will experience similar climates and regional-scale geo-
logic and geomorphic conditions. As a result, adjacent
rivers often support similar aquatic and riparian ecosys-
tems. Consequently, impacts due to damming and ﬂow
regulation could result in differences between the ﬂow-
regulated versus free-ﬂowing river reaches. The free-
ﬂowing river thus provides the study control or reference
reach and the dammed river reach provides the treatment
condition.
However, each river is somewhat unique and while
there are similarities across regional rivers, there are also
some differences in hydrology, geomorphology, and
aquatic and riparian biology (Naiman and others 2005).
Processes along river reaches also reﬂect impacts and
characteristics of the upstream watershed that also vary
across rivers. Thus, an effective comparison of a dam-
med versus an adjacent free-ﬂowing reach must consider
watershed inﬂuences as well as the local conditions
along the comparative study reaches (Hewlett and others
1969).
Application – As previously noted, Hells Canyon is a
particularly distinctive landscape with a large, steep-gra-
dient river in a deep, bedrock-dominated V-shaped valley.
The Lower Salmon River Gorge has a biophysical context
very similar to Hells Canyon. Both river canyons are
deeply incised, producing narrow, V-shaped valley can-
yons with minimal ﬂoodplains (Fig. 5). Exposed bedrock
and angular colluvia dominate both landscapes and steep
bedrock walls ﬂank the valleys of both river reaches that
share a common climate and support sparse vegetation.
The physical similarities of Hells Canyon and the Lower
Salmon River Gorge are conﬁrmed by channel and valley
characteristics (Fig. 4). River channel and valley widths
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very similar (Fig. 4). While their channel geometry is very
similar, the associated hydrology differs considerably
(Table 3). The annual discharge of the Snake River is
about twice that of the Salmon River but the Salmon River
has about 1/3 greater peak ﬂows. The Salmon River has a
much smaller watershed that receives greater precipitation
and provides fairly synchronous snowmelt-dominated
seasonal ﬂow.
Although these adjacent river reaches are very similar,
their headwater reaches vary substantially with respect to
both natural and human inﬂuences. The Snake River
originates in western Wyoming and then ﬂows in a wide
arc across the Snake River Plain of southern Idaho, a region
with a combination of erosion-resistant lava beds with
minimal soil cover and limited sediment input and agri-
cultural landscapes with greater sediment inputs.
Immediately upstream of the Hells Canyon reservoirs, ﬁve
major tributaries (Boise, Malheur, Owyhee, Payette, and
Weiser rivers) double the drainage area of the Snake River
(Fig. 1).
The Snake and Salmon rivers also vary considerably in
accessibility and the extent of human impact. The Snake
River corridor has been the focus for agricultural
development and human settlement in Idaho. In contrast,
much of the Salmon River ﬂows through the Frank Church
River of No Return Wilderness Area, one of the least
developed areas of the contiguous United States. Only
about 150 km of the Salmon River ﬂows through lands
with developed agriculture and these areas are minor
compared to agricultural developments along the Snake
River. Because virtually all land uses within a watershed
impact hydrology, sediment and nutrient ﬂuxes, the dif-
ferent human histories of the watersheds would result in
different inputs into the Snake versus Salmon River
systems.
Also related to human history, the Snake and Salmon
Rivers represent an extreme contrast with respect to river
damming. The Salmon River is nondammed, although it
was brieﬂy impounded by the small Sunbeam Dam in its
headwaters near Stanley, Idaho. The Salmon River is one
of the last large free-ﬂowing rivers in the contiguous
United States, whereas the Snake River is one of the most
extensively dammed and diverted rivers in North America
(Palmer 1991). Damming commences in the headwater
region of Grand Teton National Park with Jackson Lake
Dam that elevates a natural lake. It is followed by Palisades
Dam, a sequence of weirs near Idaho Falls, and substantial
dams at American Falls, Minidoka, Milner, Shoshone Falls,
Twin Falls, Upper Salmon, Lower Salmon, Bliss, CJ
Strike, and Swan Falls, upstream of the HCC. There are
also 41 major dams along the tributaries of the Snake River
upstream from Hells Canyon. These dams and reservoirs
would considerably modify the ﬂow regime and trap sed-
iment above the HCC.
These assessments provide mixed conclusions relative
to comparing the Hells Canyon reach of the Snake River
with the Lower Salmon River Gorge. The local river valley
landscapes and riparian vegetation communities are very
similar, but there are considerable differences in the
watersheds and major differences in upstream damming.
Analyses of the Hells Canyon reach of the Snake River
versus the Lower Salmon River Gorge should thus provide
Composite Spatial Comparisons
1. Upstream
Weiser
8. Salmon River
Lower Gorge
3. Brownlee, 4. Oxbow,
5. Hells Canyon reservoirs
6. Downstream1
Hells Canyon
7. Downstream2
Lower Hells Canyon
2. Powder
River
Progressive Sampling
Fig. 5 Schematic showing the proposed spatial comparisons to
analyze environmental impacts downstream from the Hells Canyon
Complex of dams
Table 3 Hydrological characteristics of river reaches in the Hells Canyon region
River gauge
a Years of record Drainage area (km
2) Mean annual discharge (m
3/s) Annual peak discharge (m
3/s)
Ave Max Min Ave Max Min
Snake River at Murphy 1914–1998 108,521 314 543 191 706 1339 306
Major tributaries above Weiser
b 1914–1998 70,707 198 488 48 593 1053 116
Snake R. at Weiser 1914–1998 179,228 513 1031 239 1299 2393 422
Snake R. at Hells Canyon Dam
a 1965–1997 189,847 585 1035 276 1356 2777 578
Salmon R. at Whitebird 1914–1998 35,095 316 506 165 1798 3681 617
a Hells Canyon Dam data were provided by Idaho Power Corp. and data for other gauges were derived from USGS gauging stations
b Owyhee, Boise, Malheur, Payette, and Weiser rivers. The associated peak ﬂow values are estimates based on data from Weiser and Murphy
gauges
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(Table 2).
Temporal Comparisons
Temporal comparisons involve sequential analyses of the
same river reach(es) and may involve comparative ﬁeld
measurements at different time periods, consideration of
indirect records, such as ground or aerial photographs, or
the analyses of ecological elements that provide chrono-
sequences, such as progressive arcuate bands of vegetation
or tree rings (studies cited in Table 1). The focus of tem-
poral comparisons is on the river reach downstream from a
dam, but simultaneous study of other reaches along the
same river or an adjacent river(s) would reveal broader
regional patterns upon which the impacts of damming are
superimposed (Table 1).
Temporal comparisons are common for ecological
analyses following environmental disturbance (Underwood
1994; Stewart-Oaten and Bence 2001), and are based on
the assumption that a particular region should demonstrate
ecological consistency over time. Consequently, observed
changes following damming may be interpreted to reveal
impacts of damming and ﬂow regulation (Williams and
Wolman 1984; Ligon and others 1995; Friedman and
others 1998). However, river systems are naturally
dynamic, with considerable seasonal and interannual vari-
ations in hydrology, including periodic disturbance,
particularly from ﬂoods, that can produce major ecological
change (Junk and others 1989; Naiman and others 2005;
Rood and others 2007). Thus, the scientiﬁc challenge in
interpreting temporal patterns is to resolve the impacts due
to damming and ﬂow regulation from the natural variations
of these physically-dynamic ﬂuvial systems.
Pre- Versus Post-Dam
Concept – The analysis of sequential change along a par-
ticular river reach following damming may provide the
most direct approach for analyzing ecological impacts
downstream from dams. However, rigorous temporal
comparisons are hindered due to the history of river dam-
ming projects and the nature of research funding. Relative
to project history, many dams were implemented in the
twentieth century following geotechnical and hydrologic
studies but with minimal pre-project biophysical study.
Neither the values nor the vulnerabilities of river ecosys-
tems were generally appreciated and many of the major
dams in western North America were situated in remote
locations and were implemented with limited public
interest in environmental consequences. Because these
dams were undertaken before comprehensive environ-
mental impact analyses were required, ecological attributes
were often neglected and pre-dam ecological conditions
were rarely inventoried.
The second impediment is the nature of research fund-
ing. Because funding is generally limited in duration, it is
more practical to seek funding for a limited-term project
with a short-term ‘‘deliverable’’ than for a long-term study,
potentially with an uncertain duration and outcome. The
nature of academic study also favors a shorter-term com-
parison because research projects often involve two or
three-year intervals to suit graduate student and post-doc-
toral projects.
Due to these practical limitations, temporal comparisons
have often relied upon archival materials such as ground-
level and aerial photographs (studies cited in Table 1).
Ground-level photographs were seldom based on pre-
determined sampling strategies for ecological investigation
but were instead generally taken for human interest. The
sites of historic photographs are often biased towards
locations with ease of access or for atypical landscape
features that are dramatic or scenic. Aerial photographs
provide more systematic coverage, but are insufﬁcient to
reveal small-scale features such as plant species and
community types. Comparisons involving both ground-
level and aerial photographs are often complementary
because the two approaches partially compensate for the
prospective weaknesses.
Application – The pre- versus post-dam comparison has
considerable merit relative to Hells Canyon but pre-dam
information particularly regarding riparian vegetation is
sparse. Hells Canyon is remote and sparsely inhabited and
very few photographs exist from the pre-dam period. In
contrast, Hells Canyon is now one of the world’s most
highly regarded recreational river trip destinations. The
spectacular landscape provides a prime attraction and
consequently the river valley has been extensively, but not
systematically, photographed in recent decades.
Sequential Post-Damming
Concept – Similar to pre- versus post-dam comparisons,
the sequential post-damming comparison provides a tem-
poral approach that focuses on the speciﬁc river reach
below a dam. It involves two or more observation or
sampling periods after the dam is implemented and, espe-
cially with multiple observations, it can reveal quantitative
patterns that may enable future forecasting (Dixon and
Johnson 1999). This approach may also be more practical
than pre- versus post-damming comparisons due to the
deﬁciency of pre-dam inventory. Additionally, remote
sensing inventories have become more common through
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graphs and more recently, digital multispectral imagery,
are now available with repetitive coverage for many
landscapes (Lorang and others 2005).
For sequential temporal comparison, an appropriate
time-frame must be considered relative to the dam project
and the environmental components of interest. Some
responses occur within a few years, while others require
decades or even centuries for change (Williams and Wol-
man 1984; Church 1995). As a composite study, the
combination of pre-project inventory followed by sequen-
tial post-dam study can strengthen the analysis since this
overlaps the two temporal study approaches.
Application – For the Hells Canyon reach of the Snake
River, the sequential post-damming comparison is enabled
by periodic aerial photographs. These commenced when
the ﬁrst dam was under construction and have been repe-
ated at about one to two decade intervals thereafter. Early
photographs were black and white and more recent pho-
tographs are often in true-color or false-color, infra-red.
The resolution of aerial photographs limits the scale of
landscape feature that can be assessed and those for Hells
Canyon are only suitable for large physical features such as
river channel position and the extent of major sand bars.
Through the interpretation of sequential aerial photographs,
Schmidt and others (1995) previously interpreted post-
damming depletion in sand bars along the Hells Canyon
reach of the Snake River, particularly in the ﬁrst two
decades after damming.
Long-lived woody plants also enable investigations of
riparian landscape chronology. In Hells Canyon netleaf
hackberry and sandbar willow are abundant small trees and
shrubs that are appropriate to investigate distribution and
population age structure and hence, prospective impacts of
damming and ﬂow regulation on recruitment, expansion
and mortality (Rood and others 1995).
Flow Modiﬁcation
Concept – Comparative study approaches yield correlative
data, including abundances in ecological attributes, such as
woodland groves or sandbars, that may change following
damming. This reveals correlative pattern but not causal
association. The deliberate modiﬁcation of ﬂow or sedi-
ment regime provides an experimental manipulation that
can conﬁrm causal association (Rood and Mahoney 2000;
Patten and others 2001; Schmidt and others 2001; Rood
and others 2003b). Flow modiﬁcation may follow com-
parative investigations and enable testing of hypotheses
arising from observed responses. Although deliberate ﬂow
modiﬁcation may provide the most deﬁnitive study
approach, its implementation is restricted by practical
considerations. There have been relatively few instances in
which dam operations have been deliberately altered in
response to ecological considerations but following some
initial successes (Rood and others 2005) modiﬁcations may
increase in future.
Application – The HCC has recently undergone an
environmental review in association with the Federal
Energy Regulatory Commission relicensing process. Fol-
lowing from that review it is possible that dam operations
will remain relatively unchanged. However, if dam
operations are altered, appropriate ecological investiga-
tions should be undertaken to assess the environmental
consequences and to capitalize on the research
opportunities.
Process-Based Biophysical Modeling
Concept – Process-based modeling relies on systematic
relationships between underlying physical components of
hydrology and geomorphology, and subsequent biological
responses, such as the establishment, survival, and growth
of riparian plants (Auble and others 1994; Johnson and
others 1995; Springer and others 1999; Mahoney and Rood
1998; Richter and Richter 2000). This modeling considers
stochastic patterns and assumes deterministic relationships
that are predictably quantitative and represents a relatively
new approach for analyzing ecological impacts down-
stream from dams.
Relative to riparian ecology, modeling requires an
understanding of the life history strategies of different
riparian plants, including both native and nonnative species
(Shafroth and others 2002; Karrenberg and others 2002;
Rood and others 2003a). Life history deﬁnes the phenology
(timing) of seed release and other developmental events, as
well as aspects of the physiological water relations that
underlie ﬂood and drought tolerance (Tyree and others
1994; Mahoney and Rood 1998; Nilsson and Svedmark
2002). Modeling involves hydrologic analysis of river
stage in conjunction with discharge patterns since it is the
water elevation that determines the moistening or inunda-
tion of riparian zones critical to seedling (or clonal)
colonization (Auble and others 1994; Scott and others
1996; Rood and others 2003b). The modeling requires
analyses of riparian substrate and particularly sediment
textures since this inﬂuences erosion resistance and mois-
ture retention that also contributes to seedling survival
(Mahoney and Rood 1990; Polzin and Rood 2006). The
modeling involves multiple year simulations to account for
the natural variation in inﬂows and the multiple-year life
cycle of perennial plants (Auble and others 1994; Scott and
others 1996). The modeling may emphasize the large,
woody plants that are especially important for wildlife
276 Environmental Management (2008) 41:267–281
123habitat as these provide ‘‘structure’’ through vertical
development of woodland groves (Rood and others 2003b).
Application – The Hells Canyon reach of the Snake
River is well-suited for process-based modeling. The bed-
rock dominated landscape is static relative to the longevity
of the riparian plants, reducing the need to account for the
dynamic channel changes along alluvial river reaches. The
hydrology may also be simpler than along other rivers
because the major inﬂow originates from dam release and
only small tributaries occur along the Hells Canyon reach.
With a very dry regional climate in the valley bottom, local
precipitation and ground-water contribution are also lim-
ited, strengthening the linkage between river regulation and
riparian soil moisture. With the prominent bedrock and
minimal ﬂoodplain zones, associated vegetation are rela-
tively limited in both extent and species diversity, thus
reducing the range of plants needed to be considered in
hydrogeomorphic modeling. Additionally, with a xeric
upland landscape, adjacent vegetation is naturally sparse
and this would reduce some complexity due to competition
and other biological interactions. On the basis of these
considerations, the Hells Canyon reach of the Snake River
could provide an ideal study system for the development or
reﬁnement of process-based hydrogeomorphic models
(Auble and others 1994; Mahoney and Rood 1998) similar
to those implemented for the Middle Snake River (Johnson
and others 1995).
Comparative Validity Across Study Approaches
The semi-quantitative comparison of the different com-
parative strategies indicated that for the Hells Canyon
reach: (1) pre- versus post-dam comparison would provide
a valid study approach (Table 4), (2) spatial comparison of
the Hells Canyon reach versus the Lower Salmon River
Gorge would also be useful, particularly due to the bio-
physical similarities of the adjacent canyon environments,
and (3) an upstream versus downstream comparison is
complicated by the natural geomorphic transition. A
combination of all three comparisons would provide the
most comprehensive approach since this could account for
natural and anthropogenic differences in both the proximal
(local) and distal (watershed) landscapes.
Discussion
In this study, we reviewed and categorized various research
strategies that researchers have used to analyze ecological
impacts in riparian zones downstream from dams in wes-
tern North America (Table 1). Similar research strategies
have been used for dams in other regions worldwide and
many of the fundamental considerations are universal
(Petts 1984; Williams and Wolman 1984; Ligon and others
1995; Lytle and Poff 2004). We also provided qualitative
analyses of the suitability of these approaches for Hells
Canyon (Table 2) and provided a semi-quantitative con-
sideration of validity (Table 4). However, these research
strategies are prone to a number of potentially confounding
factors (Table 2). With respect to comparative studies,
responses are correlative in nature and some effects may
not be caused by the dam or the associated alteration to
downstream ﬂows. As a result, the following factors should
be considered: natural variation, coincidental inﬂuences,
cumulative and sequential impacts, threshold effects, and
latent effects.
Natural Variation
Riparian zones are naturally extremely dynamic reﬂecting
river ﬂows that vary seasonally across years (Trush and
others 2000; Naiman and others 2005; White and others
2005). Occasional ﬂoods provide powerful agents of ero-
sion and deposition and can immediately have dramatic
impacts on aquatic and riparian zones. Floods often enable
bursts of recruitment by riparian plants and some other
Table 4 Assessment of different comparison studies for analyzing impacts of damming and ﬂow regulation on the Snake River through Hells
Canyon
Proximal score
(P) local landscape
(weight = 2)
Distal score (D)
watershed conditions
(weight = 1)
Comparability index = P+D
Upstream vs. downstream
(Weiser vs. Hells Canyon)
Different (0.5) (almost the) Same (1) 1.5
Dammed vs. free-ﬂowing
(Hells Canyon vs. Salmon)
Very similar (1.5) Different (0.25) 1.75
Pre- vs. post-dam
(Hells Canyon)
Same (2) Very similar (0.75) 2.75
We applied a quartile scaling of: 0 = very different; 0.25 = different; 0.5 = somewhat different; 0.75 = very similar; or 1.0 = same; and
multiplied this value by the weight to produce the P and D score
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by ecosystem rejuvenation, a sequence of events consistent
with the ﬂood pulse concept (Junk and others 1989; Scott
and others 1996).
In contrast to natural ﬂoods, droughts lead to natural
declines in some riverine biota such as riparian vegetation,
due to drought-induced mortality (Tyree and others 1994).
Following particular wet or dry years or multiple-year wet
and dry cycles, aquatic and riparian populations naturally
experience episodes of decline and recovery. These natural
cycles provide a variable baseline upon which impacts of
damming and ﬂow-regulation are superimposed.
Coincidental Inﬂuences
Aquatic and riparian ecosystems are inﬂuenced by many
natural and anthropogenic factors (Naiman and others
2005), which may temporally or spatially coincide with
river damming. For example, exotic weeds have progres-
sively migrated through the western United States and in
some areas their expansion coincides with periods of
extensive river damming. Within remote landscapes, such
as Hells Canyon, major dam projects introduce roads and
utility corridors that facilitate many human uses and
impacts that further alter riverine environments.
Cumulative and Sequential Impacts
Like many other rivers in North America and worldwide
(Graf 1999; Nilsson and others 2005), the Snake River is
extensively dammed and diverted (Palmer 1991). The
combined impacts from the various water resource projects
make it very difﬁcult to isolate those effects speciﬁcally
related to the Hells Canyon Complex. With respect to river
environments, we suggest that cumulative impacts be
viewed as those effects that accumulate spatially along the
longitudinal corridor whereas sequential impacts are those
that accumulate over time. Some of these impacts may be
additive while other response functions may be more
complex and more difﬁcult to resolve or model.
Threshold Effects
Threshold effects are related to cumulative and sequential
impacts. For threshold effects, the ecosystem or component
may remain relatively unaltered up to a point at which a
substantial response occurs. Threshold effects are particu-
larly relevant to physiological stresses that are tolerable
within a speciﬁc range of environmental conditions. For
example, cold water ﬁsh may be unaffected until aquatic
conditions exceed particular thresholds in temperature and
oxygen levels (Ruckelshaus and others 2002). Similarly for
riparian plants, water stress due to instream ﬂow reduction
may have minor impact until the xylem cavitation thresh-
old is reached which can lead to abrupt mortality (Tyree
and others 1994). Thus, threshold effects reﬂect nonlinear
ecosystem dynamics that confound analyses such as in-
stream ﬂow needs (IFN) calculations.
Latent Effects
Latent effects are those in which the timing of a response is
delayed, thus complicating temporal comparisons. For
example, an alteration in stream ﬂow pattern may eliminate
ﬁsh spawning or vegetation recruitment, but if monitoring
is focused on the population of mature ﬁsh or trees, the
impact may not be revealed until a substantial fraction of
the life cycle passes. Alternately, higher-order members of
a riverine ecosystem may not be affected by a negative
impact until the lower-order prey base is substantially
diminished (Power and others 1995).
Multiple Comparisons
Due to the limitations of individual study approaches and
the range of confounding factors, simple comparisons
involving speciﬁc spatial or temporal comparison are vul-
nerable (Stewart-Oaten and Bence 2001). Conversely,
integrative comparisons among multiple river reaches over
several time intervals (Table 2) would enhance data
interpretation and subsequent study conclusions. In the
ideal case, several comparative approaches would be used
although this is rarely practical (Table 1).
For Hells Canyon, the Schmidt and others (1995)
interpretation of aerial photographs provided a form of
sequential post-damming comparison. This study would be
complemented by further research to reveal the range of
dam-related impacts on the riparian ecosystem along the
Hells Canyon corridor (Table 1).
A Composite Study Strategy for Hells Canyon
The analysis of different comparisons (Table 4) suggests
that the pre- versus post-dam analysis would provide a
particularly valid single study approach for the Hells
Canyon reach of the Snake River. However, pre-dam
information is limited to a few historic descriptions and
archival photographs with limited spatial coverage. Com-
parisons of the historic descriptions and photographic
views with contemporary conditions would be useful and
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complement Schmidt and others’ (1995) study of sand bars.
Subsequently, current vegetation and sediment conditions
could be more thoroughly investigated through a composite
spatial analysis (Fig. 5). Further, vegetation analyses could
also be linked to habitat studies to assess prospective
inﬂuences on wildlife (Blair and others 2002), and reveal
the extent of invasive weeds which are increasingly prob-
lematic in riparian zones (Naiman and others 2005). When
coupled with detailed analyses of hydrology, these data
could provide a conﬁdent foundation for hydrogeomorphic
modeling of the plant species and communities.
This composite study design would thus involve
overlapping all three spatial comparisons (Fig. 5) to com-
pliment and calibrate a process-based modeling approach
(Tables 1 and 2). This study design would also provide a
dam operator with information to assist in the management
of large dams for multiple beneﬁts, including environ-
mental conservation along the downstream river reach
(Richter and Richter 2000; Rood and others 2005). The
development and implementation of this comprehensive
study design would also provide an informative case study
that would be relevant for other rivers impacted by dams
and regulated ﬂows.
Although the upstream versus downstream comparison
is confounded by a natural geomorphic transition, we
propose to initiate this composite study along the Weiser
reach upstream from the HCC (Fig. 5). Sampling could
continue along each of the three sequential reservoirs
(Fig. 1), with more intensive sampling downstream from
Hells Canyon Dam. Sequential sampling would also extend
below conﬂuence of the Salmon River (Fig. 5). Comple-
mentary sampling along the Lower Salmon River Gorge
would enable spatial comparisons between a free-ﬂowing
river and the dammed Hells Canyon reach of the Snake
River. To complement longitudinal (downstream) sam-
pling, transverse (upslope from the river) patterns in
vegetation and substrate would also be inventoried to
provide yet another form of spatial analysis, revealing
correspondence between water-levels, substrate, and
vegetation.
As a ﬁnal component of the composite study design, we
propose the extension and implementation of process-based
modeling (Johnson and others 1995). The proposed ﬁeld
sampling strategy would be extensive and as indicated, we
consider that the exceptionally static, bedrock-dominated
Hells Canyon landscape may be particularly well suited for
hydrogeomorphic model development. In contrast to allu-
vial rivers with frequently shifting channels and banks,
changes in river channel position along Hells Canyon are
minimal within a time frame corresponding to the life cycle
of riparian plants. Additionally, the hot and dry climate
restricts the number of local plant species further
simplifying this system. Thus, despite the vast scale and
remote situation of this dramatic landscape, we consider
that Hells Canyon presents an ideal opportunity to advance
process-based models to analyze functional interactions in
this riparian ecosystem and to reﬁne research strategies
used to analyze ecological impacts downstream of dams.
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